Abstract Glacial periods exhibit abrupt Dansgaard-Oeschger (DO) climatic oscillations that are thought to be linked to instabilities in the Atlantic meridional overturning circulation (AMOC). Great uncertainty remains regarding the dynamics of the DO cycle, as well as controls on the timing and duration of individual events. Using ice core data we show that the duration of warm (interstadial) periods is strongly correlated with Antarctic climate, and presumably with Southern Ocean (SO) temperature and the position of the Southern Hemisphere (SH) westerlies. We propose a SO control on AMOC stability and interstadial duration via the rate of Antarctic bottom water formation, meridional density/pressure gradients, Agulhas Leakage, and SO adiabatic upwelling. This hypothesis is supported by climate model experiments that demonstrate SO warming leads to a stronger AMOC that is less susceptible to freshwater perturbations. In the AMOC stability diagram, SO warming and strengthening of the SH westerlies both shift the vigorous AMOC branch toward higher freshwater values, thus raising the threshold for AMOC collapse. The proposed mechanism could provide a consistent explanation for several diverse observations, including maximum DO activity during intermediate ice volume/SH temperature, and successively shorter DO durations within each Bond cycle. It may further have implications for the fate of the AMOC under future global warming.
Introduction
The Atlantic meridional overturning circulation (AMOC) plays a key role in the global climate system. It consists of a warm, northward flow in the near-surface Atlantic, the formation of North Atlantic Deep Water (NADW) in the Greenland and Labrador seas, and southward return flow at depth. Because the return flow is colder than the near-surface flow, the AMOC effectively transports heat from the Southern Hemisphere (SH) to the Northern Hemisphere (NH) [Crowley, 1992] . Perturbations to the AMOC strength are thus expected to impact climate of both hemispheres oppositely, a phenomenon commonly referred to as the thermal bipolar seesaw effect [Mix et al., 1986; Crowley, 1992; Broecker, 1998; Stocker and Johnsen, 2003] .
The most dramatic expression of AMOC instability is thought to have occurred during glacial times, where it has been associated with abrupt Dansgaard-Oeschger (DO) oscillations ( Figure 1a ) [Dansgaard et al., 1982] . During DO warming events, central Greenland temperatures increase by as much as 8-15 ∘ C in several decades, with a warming pattern over Greenland that fingerprints a North Atlantic origin [Guillevic et al., 2013; Buizert et al., 2014] . While many studies suggest the involvement of AMOC variations in DO variability [e.g., Oppo and Lehman, 1995; Curry and Oppo, 1997; Zahn et al., 1997; Keigwin and Boyle, 1999; Clark et al., 2002; Barker et al., 2009] , great uncertainty remains regarding the dynamics and trigger of the DO events. Proposed mechanisms include sea ice variability [Gildor and Tziperman, 2003; Li et al., 2005; Dokken et al., 2013] , freshwater forcing [Manabe and Stouffer, 1995; Ganopolski and Rahmstorf , 2001] , ice shelf collapse [Petersen et al., 2013] , changing storm tracks [Seager and Battisti, 2007; Wunsch, 2006] , CO 2 variations driven by Southern Ocean (SO) upwelling [Banderas et al., 2012 [Banderas et al., , 2014 , and the tropical Pacific [Clement et al., 2001] . The DO events may represent some of the largest and most abrupt reorganizations of oceanic transport during the Quaternary, and developing a complete understanding of their dynamics is a key goal of paleoclimate research.
Reorganization of the AMOC during the DO cycle probably consists of a number of closely linked changes that include, but are not limited to, variations in AMOC strength [McManus et al., 2004] , the mechanism and location of NADW (or rather GNAIW, Glacial North Atlantic Intermediate Water) formation [Dokken and Jansen, 1999; Wang and Mysak, 2006] , deep water circulation and provenance [Gutjahr et al., 2010; Martrat et al., 2007 ; [NGRIP Community Members, 2004] on the GICC05modelext chronology [Rasmussen et al., 2006 [Rasmussen et al., , 2013 . (b) Atmospheric CO 2 composite record [Bereiter et al., 2015] . (c) Antarctic temperature stack (ATS, green) in ∘ C relative to present day [Parrenin et al., 2013] . (d) Antarctic ice core 18 O from the EPICA Dronning Maud Land (EDML) (purple) and West Antarctic Ice Sheet (WAIS) Divide ice core (orange) [EPICA Community Members, 2006; WAIS Divide Project Members, 2015] . (e) Relative sea level. Blue crosses, solid curve, and shading give Red Sea sea level data the 1 ka smoothed record (Gaussian filter) and the ±2 uncertainty envelope, respectively [Grant et al., 2012; Rohling et al., 2009] . Grey crosses and solid curve give the compiled sea level data and reconstruction, respectively, by Carlson and Clark [2012] . (f ) Southern Ocean opal flux as a proxy for upwelling from marine sediment core TNO57-14PC [Anderson et al., 2009] , using an updated chronology [Obrochta et al., 2014] . (g) Milanković forcing: summer solstice insolation at 65 ∘ N. Yellow vertical bars with numbering denote the major DO/Antarctic isotopic maximum events. Piotrowski et al., 2008; Vidal et al., 1997] , and the extent of sea ice in the North Atlantic [Li et al., 2005; Broecker, 2006] . Here we shall use "stadial AMOC mode" and "interstadial AMOC mode" as a shorthand to describe the states associated with a weak AMOC/cold North Atlantic and with a strong AMOC/warm North Atlantic, respectively. A third glacial AMOC mode has been associated with Heinrich events-periods of extreme cold in the North Atlantic, identified by layers of ice-rafted debris in ocean sediments [Hemming, 2004; Rahmstorf , 2002] . In this mode, the AMOC is thought to be at its weakest, with strongly reduced GNAIW formation and enhanced intrusion of southern-sourced waters into the North Atlantic [Vidal et al., 1997; Keigwin and Boyle, 1999; Martrat et al., 2007; Böhm et al., 2015] .
Not all DO cycles are created equal, as their duration, recurrence time and magnitude varies through time. Detecting structure within the DO time series is complicated by both chronological uncertainties and the limited number of event realizations in the Greenland ice core record (25 DO events have been identified in the last glacial). Some of the commonly recognized patterns include the following:
1. DO events, particularly those of marine isotope stage (MIS) 3, appear to be grouped into so-called Bond cycles [Bond et al., 1993; Lehman, 1993] that are separated by Heinrich events; successive DO events within each Bond cycle have a decreasing interstadial duration and amplitude. [Parrenin et al., 2013] 2. DO variability is greatest at times of intermediate ice volume [McManus et al., 1999; Schulz et al., 1999; Sima et al., 2004] ; DO events are absent during MIS 2 and MIS 4 when global ice volume is large (Figure 1e ), and also during interglacial periods when global ice volume is low. 3. Several studies have suggested that the events are spaced by 1470 years, or multiples thereof [Grootes and Stuiver, 1997; Alley et al., 2001; Schulz, 2002] , possibly reflecting an external (solar) forcing [e.g., Braun et al., 2005] . This DO periodicity has been disputed, however, and is not present when using the most current Greenland ice core chronology (GICC05) [Ditlevsen et al., 2005 [Ditlevsen et al., , 2007 . Instead, it has been suggested that the event recurrence time is consistent with simple stochastic models in which the events are purely noise induced [Ditlevsen, 1999; Ditlevsen et al., 2005; Braun et al., 2011] .
Studies of DO dynamics have mostly focused on processes in the North Atlantic to modify the strength and stability of the AMOC. Recent work in physical oceanography suggests an important role of Southern Ocean (SO) processes in setting the rates of the global overturning circulation [e.g., Toggweiler and Russell, 2008; Sijp and England, 2009; Beal et al., 2011; Marshall and Speer, 2012; Talley, 2013; Ferrari, 2014] . Investigating the role of SO processes on the DO cycle is therefore a natural line of inquiry. Here we propose that the stability of the AMOC and the timing characteristics of DO oscillations are linked to SH climate, via the influence of SO processes on the AMOC.
AMOC Stability and the Timing Characteristics of the DO Cycle

DO Interstadial and Stadial Durations
The key observation in this work is shown in Figure 2 , where we plotted the Greenland interstadial duration (logarithmic scale) versus the 18 O (or temperature) of Antarctic ice cores. For each of the three Antarctic records evaluated (see figure caption for details), we observe a similar pattern: during periods when Antarctic temperatures are high, such as during MIS 5, DO interstadial periods tend to be long. By contrast, during Antarctic cold periods, such as MIS 2 and 4, DO interstadials tend to be short. During the coldest parts of the Last Glacial Maximum (LGM) (indicated as shaded grey areas in Figure 2 ), DO events are completely absent. We thus observe a strong correlation between Antarctic temperature and the logarithm of the duration of the concomitant NH interstadial period (r of 0.92 to 0.94, depending on the Antarctic core used).
For all three Antarctic records investigated, DO 17 appears to fall besides the trend line, due to its relatively short interstadial duration. Both DO 16 and DO 17 are anomalous among the DO events, as they are composed of a series of short-duration pulses, separated by unusually short stadial periods. Their separation into two events is therefore somewhat arbitrary. If the durations of DO 16 and 17 are added together (blue dots), the combined event falls onto the trend line. Perhaps, DO 16 and 17 form a single interstadial period, repeatedly interrupted by meltwater pulses from the circum-North Atlantic ice sheets that are retreating from their MIS 4 highstand (Figure 1e ).
The relationship between Greenland stadial duration and SH high-latitude temperature is not nearly as clear (Figure 3 ). Stadial durations of MIS 2 and 4 are the longest in the record, and they occur at times of Antarctic cold. All the stadial periods of MIS 3 have a comparable duration (marked in green), with the exception of the Heinrich stadials, which tend to be ∼10 3 years longer (marked in blue). Stadial durations during MIS 5, when the SH was relatively warm, are on average slightly longer than those of MIS 3 and roughly comparable to those of the Heinrich stadials. The more complex pattern of Figure 3 may reflect a more varied number of controls on stadial duration. In particular, the influence of freshwater input into the North Atlantic is important, as is clear from the elongated duration of Heinrich stadials.
Antarctic ice cores provide reliable, well-dated, high-resolution records of SH high-latitude surface air temperature throughout the glacial period [Jouzel et al., 1997 [Jouzel et al., , 2003 . Sea surface temperature (SST) records of comparable resolution and age control are unavailable from the SO itself, in large part due to the poor preservation of foraminifera in corrosive SO deep water, the cold environment that poses a calibration problem for the use of the alkenone unsaturation index, and stratigraphic disturbances caused by turbidites and sediment winnowing by the strong bottom currents of the Antarctic Circumpolar Current (ACC). We will here assume that Antarctic temperature is closely linked to SO SST and can be used as a measure thereof; this assumption is supported by available reconstructions from the SO [Barrows et al., 2007; Lopes Dos Santos et al., 2012] .
The Hypothesis
We propose that the timing characteristics of the DO cycles are controlled by SH climate through the influence of SO processes on the strength and stability of the AMOC. During periods of SH (high-latitude) warmth, the vigorous interstadial AMOC mode is more stable. This stability allows the interstadial mode to persist longer periods of time, which is reflected by long interstadial durations. With cooling SH high-latitude temperatures, the interstadial AMOC mode becomes increasingly unstable, resulting in shorter interstadial durations. During MIS 2, when SH high latitudes are at their coldest, DO events are absent as the interstadial AMOC mode has become too unstable to persist for any amount of time; the absence of DO events results in long stadial durations. Our hypothesis is depicted schematically in Figure 4b .
Our hypothesis does not favor any specific dynamical pathway for a DO event to unfold, nor do we mean to suggest (or dispute) that the SH high latitudes control the timing of any individual event (as suggested by Knorr and Lohmann [2003] ). Rather, SH high-latitude climate sets the background condition of AMOC stability under which the DO cycle operates, and in doing so it controls the DO timing characteristics. Our hypothesis is therefore compatible with most of the proposed DO mechanisms and triggers.
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Note that our hypothesis does not encompass the stability of the stadial AMOC mode. The long stadial durations of MIS 2 and MIS 4 may simply reflect the absence of DO events; if those events (marked in yellow in Figure 3 ) are not considered, there is no clear relationship between stadial duration and SH conditions.
DO Recurrence Times
The DO recurrence (or waiting) time equals the number of years between subsequent DO warming events, and as such each recurrence time is the sum of one stadial and one interstadial duration. In Figure 4a we have plotted DO recurrence times as a function of Antarctic temperature. Long DO recurrence times are observed both when the SH high latitudes are relatively warm (due to a lengthening of the interstadial durations as in Figure 2 ) and when the SH high latitudes are cold (due to long stadial durations in the absence of DO events, as in Figure 3 ). The shortest recurrence times are found during periods of intermediate SH high-latitude temperatures. This V-shaped pattern suggests a (deterministic) control on DO recurrence time, contrary to the suggestion that DO recurrence times are purely stochastic [Ditlevsen et al., 2005; Braun et al., 2011] . We likewise find no evidence that DO recurrence times cluster around multiples of 1470 years. There appears to be a threshold around an EDML 18 O value of −51 ( Figure 4a ); above this value, recurrence times change gradually as interstadial durations can take any value (and stadial durations are more or less constant); below this value, recurrence time increases instantly as DO events virtually disappear.
Short recurrence times are equivalent to high climatic variability, and as such we suggest that maximum DO variability occurs during periods of intermediate SO temperatures (as during MIS 3). Earlier studies have suggested a link between DO variability and global ice volume instead [McManus et al., 1999; Schulz et al., 1999; Sima et al., 2004] Figure 4c . It suggests the existence of a "Goldilocks" zone of intermediate ice volume at which global climate is unstable; upon either reducing or increasing global ice volume, the climate system is stabilized and DO events become infrequent. Instead, our hypothesis suggest that this Goldilocks zone represents a regime of intermediate stability of the interstadial AMOC mode (Figure 4b ). It is precisely this intermediate stability regime that allows for a rapid succession of DO events, as the interstadial phases are of short duration yet DO events still occur reliably.
The ice-volume hypothesis has been supported using a three-box model of the North Atlantic ocean, in which the hydrological freshwater flux from the middle to high latitudes was made to increase linearly with growing global ice volume [Sima et al., 2004] . This assumption is at odds with the basic thermodynamic Clausius-Clapeyron relation, evidence for a weakened hydrological cycle during glacial times [Yung et al., 1996] , and modern observations that suggest an amplification of the global hydrological cycle under the current warming [Durack and Wijffels, 2010] . Furthermore, experiments with fully coupled ocean-atmosphere general circulation models (GCMs) consistently show that the orographic effect of NH ice buildup is to strengthen the AMOC [Zhu et al., 2014; Zhang et al., 2014; Ullman et al., 2014] , while the ice-volume hypothesis requires the opposite effect to hold. As such, we deem that to date no strong evidence exists for the correctness of the ice-volume hypothesis.
Southern Hemisphere Controls on AMOC Stability
The Atlantic surface and intermediate waters that comprise the northward branch of the AMOC enter the South Atlantic from the Pacific via the Drake Passage (including Antarctic Intermediate Water and Subantarctic Mode Water) and from the Indian Ocean via Agulhas Leakage (AL, Figure 5 ); these two pathways are referred to as the cold-and warm-water route, respectively [de Ruijter et al., 1999; Talley, 2013] . Much of the deep water formed in the North Atlantic is ultimately returned to the SO via wind-driven isopycnal upwelling [Toggweiler and Samuels, 1995; Marshall and Speer, 2012; Kuhlbrodt et al., 2007] . The AMOC is thus fundamentally linked to the global overturning circulation via the SO. Here we will briefly review several processes through which SH climate can influence AMOC strength and stability, as well as proxy evidence that suggests these mechanisms indeed operated in the past.
Bipolar Seesaw in Deep Water Formation
The abyssal oceans fill up with the densest waters, which are formed exclusively in the cold polar regions. A reduction in AABW formation will promote NADW formation and vice versa, resulting in a deep water "seesaw" In the SO, the lighter, low-oxygen IDW/PDW upwells above and north of the denser, saltier NADW [Talley, 2013] . [Broecker, 1998; Broecker et al., 1999; Seidov et al., 2001; Fieg and Gerdes, 2001; Piotrowski et al., 2008] . In simplified terms, one can think of the deep water seesaw as a competition between both polar regions to produce the densest waters. All other things being equal, warming the SH high latitudes will reduce AABW formation by both deep convection and brine rejection. Recent observations indeed suggest that AABW formation has reduced in recent decades, possibly due to warming and freshening of the SH high-latitude oceans [Azaneu et al., 2013; Purkey and Johnson, 2012] .
Meridional Density/Pressure Gradients
Model analyses suggest links between meridional density (or pressure) gradients and the AMOC strength [e.g., Hughes and Weaver, 1994; Saenko et al., 2003] , and many box models assume that the density difference between the South Atlantic and the North Atlantic drives the AMOC [e.g., Rahmstorf , 1996; Kuhlbrodt et al., 2007] . Decreasing densities of Antarctic Intermediate Water or Subantarctic Mode Water through either warming or freshening can increase the AMOC, either by changing the freshwater fluxes due to the overturning circulation in the South Atlantic associated with AAIW [Saenko et al., 2003] or by increasing the meridional pressure gradient between the South Atlantic and the North Atlantic [Hughes and Weaver, 1994] , or both. Warming the SH via the thermal bipolar seesaw will increase the meridional density gradient in the Atlantic, which drives a stronger AMOC.
Agulhas Leakage
Transport of salty, warm Indian Ocean surface waters into the South Atlantic across the southern tip of the African continent (Agulhas Leakage) provides an important source of (negative) buoyancy forcing to the AMOC [de Ruijter et al., 1999; Beal et al., 2011] . It has been suggested that the position of the subtropical front may act as a valve (or "gatekeeper") of the AL [Bard and Rickaby, 2009] ; during glacial climates, this front migrates northward, thereby reducing AL. Meridional migration of the subtropical front is associated with a similar movement of the SH westerly winds . Climate model experiments that impose a northward shift in the SH westerlies find a reduction in AMOC strength by a reduction in the AL England, 2008, 2009] . Peeters et al. [2004] have reconstructed past strength of the Indian-Atlantic exchange using planktic foraminiferal assemblages. They observe enhanced Agulhas Leakage fauna during all interglacial stages, which is indicative of increased AL and consistent with a southernmost position of the subtropical front/SH westerlies during these periods. Conversely, during glacial stages AL is low. More recently, Marino et al. [2013] have used paired Mg/Ca-18 O data to reconstruct AL on millennial timescales; their record shows increased AL in parallel with Antarctic warm events (AIM events), as well as in response to prominent NH Heinrich events.
Wind-Driven Upwelling in the SO
NADW outcrops (primarily) in the Southern Ocean through wind-driven isopycnal upwelling ( Figure 5 ), and this return flow is important in maintaining the strength and stability of the AMOC [Toggweiler and Samuels, 1995; Marshall and Speer, 2012] . Variations in the position and/or strength of the westerlies are thought to control SO upwelling on these timescales [Anderson et al., 2009; Toggweiler et al., 2006] . This notion is supported by climate model experiments forced with a latitudinal displacement of the SH westerlies, which suggest that a northward (southward) displacement leads to reduced (increased) SO upwelling and reduced (increased) formation of deep water in the North Atlantic [Toggweiler and Samuels, 1995; Völker and Köhler, 2013] -it must be noted that the response to SO wind stress changes is typically attenuated in eddy-resolving ocean models [Hallberg and Gnanadesikan, 2006] . It has been suggested that the opal (biogenic silica) flux to SO sediments can be used as a proxy for upwelling [Anderson et al., 2009] . The opal burial rate shows clear millennial-scale variations that, within dating uncertainty, are correlated with SH high-latitude temperature (Figure 1f ).
These four mechanisms can roughly be divided into thermal effects (deep water seesaw and density gradients) and wind effects (Agulhas Leakage and SO upwelling). While we have good proxy reconstructions for past temperatures, scientific understanding of past strength and position of the SH westerlies is still very much incomplete. It is generally believed that during the LGM the SH westerlies were displaced equatorward, and while this hypothesis is consistent with the majority of available proxy evidence, other scenarios cannot be fully excluded . Moreover, climate models do not consistently simulate the northward displacement during the LGM Rojas et al., 2009] . In response to the present global warming, both observations and models consistently suggest a poleward displacement and strengthening of the SH westerlies corresponding to a persistent positive index of the Southern Annular Mode, although much of the observed response to date is due to the depletion of stratospheric ozone [Kushner et al., 2001; Thompson and Solomon, 2002; Yin, 2005; Fyfe and Saenko, 2006] . Sikes et al. [2009] tracked latitudinal movement of the subtropical front in the Australian sector of the SO-displacement of which is directly linked to displacement of the westerlies . They find that the subtropical front/westerlies were in their most southerly position during the warmth of MIS 5 (∼2 ∘ C higher SST than present day, in their records), a relatively northerly position during the MIS 3 and MIS 4 cool periods, and in their northernmost position during the LGM.
SH warmth thus appears to be associated with poleward movement and/or strengthening of the SH westerlies. This relationship implies that the thermal effects and wind effects amplify one another with respect to their influence on the AMOC strength, as we shall show in the next section.
Climate Model Experiments of Warming the Southern Ocean
Experimental Setup
To test our hypothesis, we performed a series of model experiments using the University of Victoria (UVic) Earth System Climate Model of intermediate complexity [Weaver et al., 2001 ] version 2.9 [Eby et al., 2009 ]. The UVic model consists of a global three-dimensional ocean general circulation model at coarse resolution (1.8 ∘ latitude × 3.6 ∘ longitude, 19 vertical levels), a one-layer atmospheric energy-moisture balance model, a dynamic/thermodynamic sea ice model, and land and ocean biogeochemical components. The simplified atmospheric model uses prescribed fields for wind stress, moisture advection velocities, and cloud albedo diagnosed from modern estimates [Kalnay et al., 1996] .
LGM simulations include reconstructed ice sheets [Peltier, 1994] , reduced atmospheric CO 2 levels (190 ppm), and wind stress anomalies as simulated by the PMIP3 models [Braconnot et al., 2012] .
Starting from both LGM and preindustrial (PI) background conditions, we apply an additional heat flux Φ to the latitudinal band of the SO in order to selectively cool or warm the SO (Figure 6a) . We use five different Φ scenarios (Φ = −4, −2, +4, +8, and +12 W m −2 ) and a control run (Φ = 0) and integrate for 2500 years to let the model approach equilibrium. Note that the color coding of Figure 6a is used throughout Figures 6 and 7.
For completeness, we have furthermore performed a model experiment under LGM background conditions (Φ = 0), in which we have increased the strength of the SH westerlies. In the 40 ∘ -60 ∘ S latitudinal band, we amplify the wind stress by 25%. This model run is also spun up for 2500 years. The response of the ocean circulation to strengthening and/or shifting the SH westerlies has been studied in great detail elsewhere [e.g., Toggweiler and Samuels, 1995; Rahmstorf and England, 1997; Brix and Gerdes, 2003; Sijp and England, 2009] , and we will discuss these simulations only briefly. Moreover, we aim to understand the correlation between interstadial duration and SH high-latitude temperature ( Figure 2) ; and therefore, the SO warming/cooling scenarios provide a more direct comparison.
Model Response to SO Warming/Cooling
The simulated SST anomaly after 2500 years of model integration (using Φ = +12 W m −2 ) is shown in Figure 6b . As expected, strong surface warming is seen in the SO latitudes; areas of the SO covered by seasonal sea ice (green line) are insulated from the heat flux Φ for at least part of the year and have a more muted temperature response. Strong warming also occurs in the SH abyssal ocean (Figure 6d) . Surprisingly, warming is also simulated in the northwest Atlantic, although no forcing was applied there. This warming is due to increased northward heat transport by an invigorated AMOC, as described below. The zonally integrated SST anomaly suggests that the temperature response scales approximately linearly with the applied forcing (Figure 6c ).
Upon warming the SO, we observe an immediate reduction in AABW formation (Figure 6e) , and vice versa, cooling the SO strengthens AABW formation. The AMOC response is delayed and more gradual, taking around 2000 years to fully develop (Figure 6f ). The stream function anomaly (for Φ=+12 W m −2 ) in the Atlantic after 2500 years indicates a strengthening and deepening of the middepth overturning cell associated with NADW, and a compression and weakening of the bottom overturning cell associated with reduced penetration of AABW into the Atlantic (Figure 6d ). The changes in AABW and NADW formation are opposite in all the heat flux simulations, displaying the deep water seesaw effect. The equilibrium AMOC strength (starting from both LGM and PI background conditions) increases as a function of the heat flux anomaly Φ (Figure 6g) ; we find a clear monotonic (albeit, at least for the LGM case, nonlinear) relationship between the applied SO warming and the simulated AMOC strength.
The initial increase in AMOC strength upon SO warming correlates well with an increase in the north-south density contrast in the Atlantic (supporting information); however, this correlation breaks down after model year t ≈ 800 when the density contrast decreases again, while the AMOC strength continues to rise (Figure 6f ). It is around this time that the reduced formation of AABW has led to a reduction in the density stratification of the North Atlantic, which in turn promotes NADW formation. These simulations thus suggest a two-stage intensification of the AMOC strength: an initial "push" due to an increase in the Atlantic meridional density gradient of upper and intermediate waters, followed by a "pull" from the deep ocean via the deep water seesaw.
The applied SO high-latitude warming reduces the meridional density (or pressure) gradient in the SH oceans, which results in a weakening of the ACC following the principle of geostrophy. We further observe an atten-10.1002/2015PA002795 dant equatorward shift of the ACC and of the southern boundary of the South Atlantic Gyre (explaining the cooling anomaly seen there in Figure 6b) . A more detailed analysis of the oceanic response to SO warming is provided in the supporting information.
Testing the AMOC Stability
Next, we investigate the stability of the AMOC using freshwater fluxes applied to the North Atlantic. We acknowledge that many other mechanisms may be responsible for DO variability. However, freshwater forcing (or hosing) provides a robust and well-documented strategy for AMOC destabilization [Kageyama et al., 2010] . We suggest that the response to freshwater provides a quantitative measure of AMOC stability, i.e., its sensitivity to perturbations. An overturning that is sensitive to freshwater forcing is probably sensitive to perturbations of a different nature also.
Extending onto our 2500 yearlong spin-up runs, we apply a freshwater pulse of 500 year duration starting at t = 3000 (Figure 7a) . We tested 0.05 and 0.1 Sv freshwater forcings for all the different values of Φ. In all these experiments, the freshwater-induced AMOC reduction is smallest when the SO is warmest (and the AMOC is strongest). For example, consider the 0.05 Sv forcing at LGM background conditions (Figure 7a, left) . For the Φ = +12 W m −2 case (upper, dark red curve), a 2.5 Sv AMOC reduction is induced; for the Φ = −4 W m −2 case (lowest, dark blue curve) the same freshwater forcing induces a 6 Sv AMOC reduction. The observed AMOC reductions are summarized in Figure 7b , where we combine results from the LGM (squares) and PI (circles) runs. The UVic simulations suggest that the AMOC strength itself is the best predictor for the AMOC stability. Overall, the simulations with a warmer SO have a stronger AMOC and are thus less sensitive to perturbations.
In Figure 7c we show the AMOC stability diagrams for Φ = 0 (grey) and Φ = +8 W m −2 (orange), which all show the familiar hysteresis loop as a function of freshwater forcing [e.g., Rahmstorf , 1996] . Details are given in the figure caption. We find that application of a Φ = +8 W m −2 SO heat flux anomaly shifts the stability of the vigorous (interstadial) AMOC mode to the right relative to the control run (grey), i.e., toward larger freshwater fluxes. By warming the SO, we have thus made the AMOC more tolerant of freshwater and raised the threshold for AMOC collapse. The effect of SO warming on the collapsed AMOC mode is opposite (i.e., a shift to lower freshwater values) and of a smaller magnitude.
In the simulations with 25% increased SH westerly wind stress, the AMOC increases by ∼1 Sv in response to the applied wind forcing (Figure 6f , dashed green line). The AMOC stability diagram for this model configuration is shown in Figure 7d . We find that strengthening the SH westerlies has a comparable influence on the stability diagram as warming the SO, namely it shifts the stability of the vigorous AMOC mode toward larger freshwater fluxes. The stability of the collapsed AMOC mode appears to be unaffected by changes in the wind stress.
Discussion
Model Results Discussion
The main objective of these model experiments is to investigate the influence of SO warmth on the strength and stability of the AMOC. We find that equilibrium AMOC strength consistently increases with SO temperature, both under LGM and preindustrial background conditions (Figure 6g ). We further find that with increasing SO warmth, the AMOC becomes less susceptible to destabilization by freshwater addition to the North Atlantic: the AMOC response to 500 yr duration freshwater pulses is reduced (Figures 7a and 7b) , and the freshwater threshold for AMOC collapse is increased (Figure 7c ). These two different ways of testing the response to freshwater forcing are of course closely related-due to the highly nonlinear shape of the AMOC-freshwater curve, the AMOC response to a pulse of freshwater will be larger as one is closer to the threshold.
These model simulations support our interpretation of the observed correlation between interstadial duration and SH high-latitude temperature (Figure 2 ). During periods of SH high-latitude warmth, the AMOC is more stable and therefore less likely to collapse; this in turn allows the vigorous, interstadial AMOC mode to persist for longer periods of time. In our simulations, we vary Southern Ocean SST over a range of ∼2.5 ∘ C (Figure 6c ), which is a conservative range given that reconstructions suggest glacial-interglacial changes of ∼6 ∘ C or larger [Barrows et al., 2007; Lopes Dos Santos et al., 2012] .
As discussed in section 3, SH warming is expected to be accompanied by a strengthening and/or poleward displacement of the SH westerlies. We find that intensifying the SH westerlies' wind stress by 25% leads to a minor increase in equilibrium AMOC strength, as well as an increased threshold for meltwater-induced collapse Paleoceanography 10.1002/2015PA002795 (Figure 7d ). The effects of temperature and wind stress on the strength and stability of the AMOC are thus complementary in our simulations. Upon increasing the SO wind stress, we furthermore enhance AABW formation (Figure 7e )-this result is in agreement with prior studies that likewise find that deep water production in both hemispheres is similarly affected by SO wind stress anomalies [Brix and Gerdes, 2003] . However, the magnitude of the wind stress anomaly we apply is probably rather large. To achieve a 25% increase in the SH wind stress, GCMs typically need to be forced quite severely, for example, through a 120 W m −2 cooling flux to the North Atlantic [Lee et al., 2011] or through the removal of the entire Antarctic ice sheet [Schmittner et al., 2011] . PMIP2 model simulations suggest a glacial-interglacial change in wind stress that is less than the 25% applied here [Rojas et al., 2009] , and the same is true in the PMIP3 simulations (J. Muglia, personal communication 2015) . These simulations should thus be viewed as a sensitivity experiment, rather than a simulation of past conditions.
The simulations with an applied SO heat flux Φ allow us to study the thermal controls on AMOC strength, namely the deep water seesaw and the meridional density gradient (section 3). We find both effects to be important but on different timescales (supporting information). The north-south density contrast in the surface Atlantic responds quickly to the applied heat flux anomaly, and an increased (reduced) density contrast appears to drive the initial AMOC increase (decrease) upon warming (cooling) the SO. The deep water seesaw, on the other hand, operates on multicentennial to millennial timescales. While the rate of AABW formation responds quickly (decadal timescales) to the applied heat flux anomaly, it takes many centuries for the density anomaly to spread to the abyssal and deep waters of the Atlantic where it can affect the rate of NADW formation.
The simulation with 25% increased SH westerly wind stress (Figure 7d ) allows us to study the wind controls on AMOC strength, namely the wind-driven SO upwelling and the Agulhas Leakage. We find in our simulations that both are simultaneously affected. In response to the wind stress anomaly, the model simulates an increase in SO upwelling from 21.1 to 25.2 Sv and an increase in AL from 4.5 to 8.1 Sv (values that are roughly in line with poorly constrained present-day estimates of 2 to 15 Sv) [Beal et al., 2011] . Figure 7d thus represents the aggregate effect of increasing both upwelling and AL. In the thermally forced simulations, equilibrium AL and SO upwelling did not change appreciably in response to Φ-we do observe a temporary increase in AL upon warming the SO, which has disappeared by t = 2500 (supporting information).
We therefore conclude that between the different model experiments, we test and validate all four mechanisms of SO control identified in section 3, although we cannot disentangle the effects of Agulhas Leakage and wind-driven upwelling. Application of a Φ = +8 W m −2 heat flux anomaly shifts the vigorous AMOC branch in the freshwater stability diagram by about the same amount as a 25% wind stress anomaly does (Figures 7c  and 7d) . And while the induced SO temperature changes are within the range suggested by proxy-based SST reconstructions, the SH wind stress anomaly we apply is probably unrealistically large (as argued above). Moreover, the wind stress response is expected to be muted in eddy-resolving models [Hallberg and Gnanadesikan, 2006] . Combined, this suggests that the thermal effects may be more important than the wind effects in their respective control on AMOC strength and stability.
So far, we have discussed the behavior of the vigorous AMOC mode; we now turn to the collapsed or AMOC "off" mode of the stability diagrams. In general, we find a much stronger influence of SH climate on the vigorous AMOC mode than on the collapsed mode, both in thermally forced (Figure 7c ) and wind-forced simulations (Figure 7d ). This is in line with our observation that interstadial duration is strongly correlated with Antarctic temperature (r = 0.92; Figure 2) , and stadial duration only very weakly (r = −0.28; Figure 3 ).
In these simulations, warming the SO increases the stability of both the vigorous and the collapsed modes, as reflected by a widening of the hysteresis loop (Figure 7c ). Based on these simulations, one would thus expect stadial durations to increase with warmer SH conditions. This is indeed the case when comparing MIS 3 and MIS 5, where the latter, warmer period has slightly longer stadial durations on average. However, this is clearly not true for MIS 2 and MIS 4, which both have long stadial durations during cold SH conditions. The model simulations thus suggest that the long stadial durations seen during MIS 2 and MIS 4 likely reflect the absence of DO events, rather than an increased stability of the stadial AMOC mode.
It is conceivable that the off mode in the stability diagrams corresponds to the (meltwater induced) Heinrich AMOC mode, rather than to the stadial mode. For example, during the stadial climate of the LGM the Atlantic overturning is thought to have been quite strong [e.g McManus et al., 2004] . The shifts observed in the off branch of the stability diagram may thus be of limited value in interpreting the correlation between SH climate and stadial duration.
In these experiments, SO warmth is controlled through the heat flux Φ. Future experiments could investigate the relationship between AMOC stability and SO warmth using a series of time slices throughout the last glacial period, in which orbital configuration, atmospheric greenhouse gases, and ice sheet topography are simultaneously altered. The advantage of the heat flux approach taken here is that it allows us to study the influence of SO warmth in isolation; the advantage of the time slice approach is that it simulates past climatic conditions more realistically. It will furthermore be valuable to repeat these simulations in a coupled ocean-atmosphere GCM to allow the SH wind field to respond dynamically to increased SO warmth.
Bond Cycles
It has been observed that DO events are grouped in so-called Bond cycles of ∼7 ka duration, which are separated by Heinrich events [Bond et al., 1993; Lehman, 1993] . Within each cycle, the duration and magnitude of successive interstadial events decrease (Figure 8 ). Iceberg delivered freshwater during H events can suppress NADW formation and lengthen stadial duration, allowing heat to accumulate in the SH via the thermal bipolar seesaw [Stocker and Johnsen, 2003; EPICA Community Members, 2006] . The first DO event of a Bond cycle thus occurs at relatively warm SH high-latitude conditions, which we suggest leads to a more stable AMOC and a long interstadial duration. During the Bond cycle, SH heat is lost to the NH via the seesaw mechanism ( Figure 8c) ; and therefore, successive DO events happen at progressively colder SH conditions. Our hypothesis implies that the gradual cooling of the SH throughout each Bond cycle results in a progressive shortening of DO interstadial durations, as is indeed observed (Figure 8d ). Our hypothesis thus provides a straightforward and self-consistent explanation for the diminishing duration of DO interstadials within each Bond cycle.
In dynamical systems, oscillatory behavior signifies the dominance of negative feedbacks. Unless the DO cycle is periodically forced (as in, e.g., Ganopolski and Rahmstorf [2001] ), negative feedbacks of some form are required to sustain the DO oscillation. Our hypothesis provides one such negative feedback. During interstadial periods, the SO cools via the thermal bipolar seesaw, which reduces the stability of the interstadial AMOC mode itself, expediting its collapse. And vice versa, during stadial periods the SO warms, which then restores the stability of the interstadial mode. In this perspective, the Bond cycle could perhaps be viewed as a damped oscillator: the large amount of excess SH heat that accumulates during Heinrich stadials is reduced through a series of DO oscillations of diminishing amplitude and interstadial duration, a pattern resembling the behavior of a weakly damped oscillator.
Future AMOC Evolution
Our hypothesis may have implications for the fate of the AMOC under future global warming from anthropogenic CO 2 emissions. Climate model simulations consistently suggest an initial (transient) AMOC weakening associated with increased North Atlantic stratification from surface warming and freshening [Intergovernmental Panel on Climate Change (IPCC), 2013; Kuhlbrodt et al., 2009 ], yet great uncertainty remains regarding its long-term evolution. The latest Intergovernmental Panel on Climate Change report (Fifth Assessment Report) notes that "a collapse beyond the 21st century for large sustained warming cannot be excluded," and the report assigns low confidence to our current understanding of AMOC evolution beyond the 21st century [IPCC, 2013] . The paleo-observations show that in a warmer world interstadial durations are longer (Figure 2 ), which we here interpret as evidence for a stronger and more stable AMOC overturning. As such, our hypothesis, if correct, would predict a long-term increase in equilibrium AMOC strength under future anthropogenic global warming [see also Toggweiler and Russell, 2008] . Indeed, recent observations suggest a reduction in AABW volume [Purkey and Johnson, 2012; Azaneu et al., 2013] , an increase in Agulhas Leakage [Biastoch et al., 2009] , and an increase in Atlantic salinity [Durack and Wijffels, 2010] ; all of which should act to stabilize and strengthen the AMOC, yet observations show that the AMOC is currently weakening [Srokosz and Bryden, 2015] . The future evolution of the AMOC may thus depend on the competition between a short-term, transient weakening driven by North Atlantic surface warming/freshening, and a long-term increase in equilibrium strength driven by circulation changes of the Southern Ocean.
Summary and Conclusions
We have shown that Dansgaard-Oeschger interstadial durations are strongly correlated with Antarctic temperatures (Figure 2) , with long (short) interstadials occurring during times of SH warmth (cold). During the coldest periods (MIS 2 and MIS 4) DO events are (nearly) absent, resulting in long stadial periods; for all other periods, there is no strong correlation between stadial duration and Antarctic temperature (Figure 3) . Combined, this leads to maximum DO activity (shortest DO recurrence times) during periods of intermediate SH high-latitude temperatures, such as during MIS 3 (Figure 4 ).
We propose that the timing characteristics of the DO cycles are controlled by SH climate through the influence of Southern Ocean processes on the strength and stability of the AMOC. During periods of SH high-latitude warmth, the vigorous, interstadial AMOC mode is more stable, which is reflected by long interstadial durations.
We identify four mechanisms through which SH climate can exert the proposed influence on AMOC strength and stability: (i) the rate of AABW formation and the "deep water seesaw," (ii) the Atlantic density/pressure gradients that drive the AMOC, (iii) buoyancy forcing by transport of warm, saline Indian Ocean surface waters across the southern tip of Africa (Agulhas Leakage), and (iv) SO wind-driven upwelling of deep waters. Proxy evidence supports the idea that both SO upwelling and Agulhas Leakage are enhanced during periods of SH high-latitude warmth.
We present climate model experiments using an Earth system model of intermediate complexity. We find that warming (cooling) the latitudinal band of the SO reduces (enhances) AABW formation around Antarctica, which in turn leads to a strengthening (weakening) of the AMOC via the deep water seesaw (Figure 6 ). In our simulations, SO warmth raises the threshold for freshwater-induced AMOC collapse and makes the AMOC less susceptible to freshwater pulses into the North Atlantic (Figure 7) . Strengthening the SH westerly winds likewise increases the AMOC strength and stability. Combined, these experiments confirm that under warm SO conditions the vigorous, interstadial AMOC mode is less susceptible to perturbations, which allows it to persist for longer periods of time, resulting in a long DO interstadial duration.
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Our hypothesis can provide a straightforward explanation for the observation that within each ∼7 ka Bond cycle the duration of successive DO events decreases ( Figure 8) ; it provides a possible negative feedback required to sustain DO oscillations; it suggests an influence of long-term (i.e., orbital scale) variations in background climate on the timing characteristics of the DO cycle; and it may have consequences for the future evolution of the AMOC under anthropogenic global warming.
